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Abstract

:

This study is devoted to the luminescence and stimulated emission properties of the ZnO hybrid structure, which is vertically aligned microcrystals with the [0001] crystallographic orientation and a pronounced hexagonal shape formed on a continuous layer of micron thickness. These microcrystals are up to 10 µm high and up to 8 µm in diameter and form the main part of the structure’s thickness. The structure was synthesized on the M(  10  1 ¯  0  ) plane of sapphire using the magnetron sputtering method. Luminescence of the structure, represented only by conventional near-UV and green components under low-intensity continuous photoexcitation, confirms its high structural and optical quality. Under pulsed photoexcitation with relatively high intensity, stimulated emission (SE) was observed from the structure in the near-UV region at room temperature. The threshold power density for SE was 0.1–0.2 MW/cm2. Exceeding the threshold leads to a significant increase in the emission intensity compared to the control film without [0001] microcrystals, also grown on M(  10  1 ¯  0  ) sapphire. It was assumed that the optical gain is provided by the whispering gallery modes of individual [0001] microcrystals as a result of inelastic exciton–electron scattering, at least at near-threshold excitation intensities.
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1. Introduction


Due to the high quantum yield of near-band-edge (NBE) emission, the high optical gain, and the refractive index, ZnO structures are able to demonstrate intense UV luminescence and stimulated emission (SE) [1]. SE and lasing in the near-UV range have been observed in many ZnO micro- and nanostructures upon optical and electrical excitation, including microcrystals [2,3], films [4,5], and nanocrystals of various types, e.g., 1D nanorods and nanowhiskers [6,7,8] and 2D nanowalls [9,10] at low temperatures and room temperature (RT).



The excitation of stimulated effects usually requires a high crystalline quality of the samples. In particular, speaking of ZnO films, these phenomena are observed at RT most often only in very high-quality thin films up to 1 μm thick [11,12,13,14]. Large film thickness hinders SE excitation as a result of the low density of the created electron–hole pairs, large optical losses due to scattering at grain boundaries, and weak resonant conditions. The only exception is perhaps polycrystalline films of different thicknesses with a pronounced disordered structure, in which optical gain is reached as a result of multiple light scattering (random lasing effect) [4,15,16]. It is much easier to excite SE and observe the laser effect in individual ZnO micro- and nanocrystals, which provide a much higher optical quality factor compared to films. The optical modes that are most commonly formed in such nano/microlasers are Fabry–Perot modes (FPMs) and whispering gallery modes (WGMs). At the same time, due to the total internal reflection and, consequently, low optical losses, ZnO microlasers with WGMs usually demonstrate much higher Q-factors and lower laser thresholds compared to their FPM counterparts [3,17]. The most popular method for fabricating such crystals is the vapor transport method, which allows one to form arrays of crystallites with high structural and optical quality in relatively short synthesis times [2,7,8,9,18,19]. On the positive side, other methods, including chemical bath deposition [10,20] and carbothermal synthesis [21,22,23], have also proven themselves in the creation of ZnO laser crystals and structures. Some attempts have been made to synthesize laser crystals using hydrothermal growth [24,25] and pulsed laser deposition [26]. However, synthesis using these methods often requires solving an additional problem of ordering crystals within an array. Seeds and catalysts are usually used for this [6,7,8,9]. Frequently, buffer/seed or catalyst layers are formed by magnetron sputtering for further growth of aligned ZnO crystals by other methods [20,27,28,29]. There are also reports of using the magnetron sputtering method to grow directly optical ZnO nano- and microcrystals, including those exhibiting a certain orientation in space. For example, in [30], the authors fabricated an array of vertically aligned ZnO nanorods ~ 100 nm in diameter and ~ 1 μm in height. In [31], using seed-assisted magnetron sputtering, ZnO microrods 5–10 µm long and up to 1 µm in diameter were synthesized; however, such microrods were randomly located on the substrate. It is also worth noting that there is a certain difficulty in obtaining UV-emitting ZnO structures, especially laser structures, by the magnetron method due to the abundant formation of defects that reduce the optical quality of the structure and affect the NBE region of the spectrum [12,31,32].



In [33], using the magnetron sputtering method, we managed to obtain a ZnO hybrid film structure with individual vertically aligned [0001] microcrystals on a continuous smooth layer in a single synthesis experiment without changing synthesis parameters. In such a structure, the possibility of SE excitation in the near UV range was revealed. In the present work, we study the luminescence and SE properties of such a ZnO hybrid structure, setting the localization of SE in the structure, the interpretation of its nature, and the determination of the type of optical modes excited as the main tasks.




2. Materials and Methods


M(  10  1 ¯  0  )-plane sapphire substrates were used to grow ZnO structures via magnetron sputtering (discharge current, 100 mA) at a temperature of 810 °C in an oxygen atmosphere (pressure, 1.33 Pa). The synthesis time for a hybrid film structure (hereafter, hybrid sample or hybrid structure) was 90 min. According to the growth model proposed in [33], the formation of the [0001] phase during the synthesis occurs at the second stage of growth. For comparison, a second sample, which was a film approximately 1.2 µm thick (hereafter, control sample or control film,) was grown. Its synthesis time was 15 min.



Structural studies of the films were performed via the X-ray diffraction (XRD) method in the Bragg–Brentano geometry using a PANalytical Empyrean diffractometer. Radiation from a copper anode (CuKα = 1.54 Å) was used. XRD patterns were analyzed, and reflection peaks were identified using the ICSD database (PDF-2) and the High Score Plus program. Microscopic studies of the samples were carried out via scanning electron microscopy (SEM) using a Jeol Neoscope 2 (JCM-6000) microscope.



Photoluminescence (PL) of the samples was observed under excitation with the 3rd harmonic (355 nm) of a Q-switched Nd:YAG laser. The pulse duration and the repetition rate were ~10 ns and 15 Hz. The size of an excitation spot on the samples was ~200 μm. Emissions of the samples were registered with the use of a Peltier-cooled charge-coupled device camera placed behind the exit slit of a monochromator. To obtain a better signal-to-noise ratio, we applied the averaging of spectra using pulse accumulations. In addition, PL excitation in a low-density regime was also performed using spectrally selected 315 nm radiation emitted by a xenon lamp built into a Varian Cary Eclipse Fluorescence Spectrometer. The spectra of directional reflectance (at an angle of 25°) of the samples were measured using a Solar PB2201 UV-Vis spectrophotometer.




3. Results


Figure 1 shows SEM images of the hybrid (Figure 1a) and control (Figure 1b) samples. It can be seen that the hybrid sample’s surface is characterized by the presence of individual microcrystals up to 10 µm high and up to 8 µm in diameter with a pronounced hexagonal shape on the surface of a continuous layer. Compared to the inhomogeneous morphology of the hybrid sample, the control sample’s morphology turns out to be quite homogeneous. It is a film with a periodic submicrorelief of its surface; however, no individual large microcrystals are observed in this case.



The results of XRD analysis indicate that both ZnO samples crystallized in the wurtzite structure but are characterized by different preferred orientations (Figure 2). In the XRD pattern of the control film (Figure 2, top), there is only one peak corresponding to the ZnO structure at an angle of 62.8°, which corresponds to the reflection from the (103) plane. The hybrid sample structure is characterized by the main 0002 reflection peak and several much weaker   10  1 ¯  1  ,   10  1 ¯  2  , and   10  1 ¯  3   reflections (Figure 2, bottom).



During the initial growth of ZnO on the M(  10  1 ¯  0  ) plane of sapphire, the following orientation relationship is satisfied:       10  1 ¯  3     ZnO   ∥     10  1 ¯  0       Al  2   O 3      [34]. As the target sputtering rate increases, the conditions for the epitaxial nucleation of ZnO on the M(  10  1 ¯  0  ) sapphire substrate worsen. Along with epitaxial [  10  1 ¯  3  ] nuclei, nuclei of other orientations [0001], [  10  1 ¯  1  ], [  10  1 ¯  2  ] are formed. Since the (0001) plane in the ZnO structure has the lowest surface energy, as the synthesis continues further, a morphologically inhomogeneous structure with pronounced [0001] ZnO microcrystals is formed. These microcrystals have a hexagonal cross-sectional shape in the plane perpendicular to their c-axis, which is, in turn, directed close to the normal to the continuous film surface. Thus, such a hybrid structure is formed in two main stages: (i) The formation of the (  10  1 ¯  3  ) film directly on the substrate and (ii) the formation of the (0001) phase, followed by the dominant growth of individual hexagonal microcrystals. These stages are visualized in the diagram presented in Figure 3.



The directional reflectance spectra of the samples presented in Figure 4a show strong oscillations coming from film interference. In the case of the hybrid sample, this phenomenon apparently occurs in the continuous layer of the structure. Note that the spectral density of the interference fringes is similar for both samples, which suggests nearly the same thickness of the control film and a continuous ZnO layer of the hybrid sample. A simple estimate of the continuous layer thickness from the interference pattern, taking the refractive index dispersion for ZnO, e.g., from [35], yields a value of ~1.5 μm, which corresponds to the known thickness of the control film. Since the heights of the individual [0001] microcrystals formed on the surface of the hybrid structure were different, it is not entirely correct to speak on the certain thickness of the structure. However, SEM data suggest that these microcrystals form the main part of the structure’s thickness.



Figure 4b shows the PL spectra in the near UV and visible regions of the hybrid sample recorded at a low-intensity excitation using a Xe lamp (upper spectrum) and under laser excitation with a power density ρexc = 0.03 MW/cm2 (lower spectrum). In the first case, the PL spectrum consists of UV and visible components with maxima at 377 nm (3.29 eV) and 505 nm (2.46 eV), respectively. The UV component is known as ZnO NBE emission and in our case is likely to be excitonic in nature given the micron size of the structure [36,37]. This band is partially overlapped with the broad visible component, the full width at half maximum of which is ~120 nm (0.6 eV). Visible luminescence is often referred to as the deep-level emission (DLE) of ZnO. DLE peaking in the green part of the spectrum is associated with radiative transitions involving the energy levels of intrinsic defects, particularly oxygen vacancies [1,35].



Upon pulsed laser excitation with the lowest energy used (Figure 4b, bottom), the sample exhibits only ZnO NBE emission with a maximum of 379 nm (~3.27 eV). The strong difference from the case of cw low-intensity excitation, where the contribution of DLE to the spectrum is much stronger, can be due to at least two reasons: Saturation of DLE centers [38] and a decrease in the thickness of the depletion layer as a result of band flattening [39].



The evolution of NBE emission of the hybrid structure with increasing ρexc, shown in Figure 4c, demonstrates a significant transformation of the spectrum shape. At initial excitation intensities, a single band is visually observed in the PL spectrum with a maximum in the region of 379 nm. With an increase in ρexc, starting from ρexc ~0.1 MW/cm2, in the region of ~391 nm (3.17 eV), a second, longer-wavelength band appears and begins to grow rapidly. As ρexc increases further, this band grows much faster than the short-wavelength component, shifting first to the short-wavelength side (up to 389 nm) due to mutual amplification of the bands, and then to the long-wavelength side. For ρexc values above 0.13 MW/cm2, the PL intensity in the region of the long-wavelength band begins to predominate, and the spectrum maximum begins to be determined by the long-wavelength component. In this context, it is useful to compare the obtained results for NBE emission with the case of the control sample, which has a more homogeneous surface morphology. Figure 4d shows the evolution of the NBE emission spectra of the control film with increasing ρexc. In this case, two spectral bands are not observed: The PL spectrum is represented by only one asymmetric band, the maximum of which is at 379 nm at the lowest excitation intensity, i.e., in the same spectral region as the maximum of the short-wavelength band of the hybrid sample.



Figure 5a plots the dependence of the integral intensity Iint of the NBE emission (integration range from 370 to 440 nm) on ρexc for the hybrid (Figure 5a, black line) and control (Figure 5a, red line) samples. It can be seen that at the initial levels of photoexcitation, both dependences Iint(ρexc) are linear with approximately the same slope. For the control sample, this linear dependence can be traced up to 0.6–0.7 MW/cm2, after which the NBE emission intensity saturates. At the same time, Iint(ρexc) in the case of the hybrid sample exhibits bending at ρexc ~0.18 MW/cm2, i.e., in the region of a sharp rise of the long-wavelength component compared to the short-wavelength one. With a further increase in ρexc, the slope of the Iint(ρexc) dependence sharply increases (by a factor of ~4.4). Thus, the linear behavior of Iint(ρexc) in its initial section for the hybrid sample and in a wider ρexc range for the control sample indicates the spontaneous nature of the emission. At the same time, the presence of the bending of the Iint(ρexc) dependence in the case of the hybrid sample indicates the appearance of SE with a threshold in the bending region in the sample’s structure and likely even the onset of lasing. The inset in Figure 5a shows the dependences of the full width at half maximum (FWHM) of NBE emission of the samples on the ρexc. While in the case of the control film FWHM shows a smooth change over the entire range of ρexc, the dependence of FWHM on ρexc for the hybrid structure is slightly more complex. In particular, a sharp rise in FWHM with an initial increase in ρexc is associated with the appearance of a long-wavelength band in the PL spectrum of the hybrid structure. The subsequent decrease in FWHM in the region of ρexc ~0.3 MW/cm2 can be explained by the stimulated character of this band. Due to the contribution of the widths of both short- and long-wavelength bands to the FWHM value, an intense redshift of the long-wavelength band leads to a smooth increase in the FWHM with a further increase in ρexc. At ρexc above 0.7–0.8 MW/cm2, the contribution of the short-wavelength spontaneous emission band to FWHM becomes increasingly insignificant, which results in the FWHM decrease.



Figure 5b compares the dependences of the NBE emission wavelength (at maximum intensity) for both samples. It can be seen that in both cases, NBE emission exhibits a redshift as ρexc increases. However, for the hybrid sample, it is much larger. In this case, the shift is provided mainly by the long-wavelength component of the spectrum. Its redshift is ~4.2 nm when ρexc changes from 0.13 to 1.14 MW/cm2. In the case of the control sample, the redshift of a single band is ~2 nm in approximately the same range of ρexc, i.e., more than 2 times less than for the long-wavelength NBE emission band of the hybrid sample.




4. Discussion


Since [0001] microcrystallites in the hybrid structure were formed at the last stage of growth, the reduction in the growth time made it possible to avoid their formation in the control sample. At the same time, a comparison of the ZnO NBE emission spectra of both samples made it possible to reveal significant differences in the shape and behavior of the spectra with a change in the photoexcitation intensity. In particular, a linear response to excitation for the control ZnO film and the conventional shape of its NBE emission spectrum with a single spectral band that does not redshift significantly with increasing photoexcitation intensity indicate the spontaneous nature of the emission in the film. On the other hand, the two-band shape of the NBE emission spectrum of the hybrid sample, its threshold nature, and the rapid redshift of the long-wavelength band with increasing photoexcitation intensity confirm the appearance of SE in the ZnO structure. Moreover, such PL spectra with two bands in the NBE region, demonstrating stimulated characteristics, were not observed under similar excitation conditions in other ZnO films grown on different sapphire planes, including R(1   1 ¯  02  ), A(  11  2 ¯  0  ), and C(0001) planes [33]. At the same time, the hybrid structure differs from all other cases, including the morphologically homogeneous control film grown on M(  10  1 ¯  0  )-sapphire, by the presence of individual c-oriented microcrystals on the surface of the continuous layer. Such microcrystals are well oriented in space so that their c-axis is close to normal to the surface of the underlying continuous layer. In addition, they are characterized by rather large sizes and a hexagonal cross-section in the (0001) plane.



The rather large micron thickness of the control film, as well as of other films grown on various sapphire substrates [33], and the strong light scattering in some of them, confirmed by their low directional transmission (see Figures 5 and 6 in [33]), do not allow excitation of stimulated effects in their structure. In this sense, it is unlikely that a continuous layer of the hybrid sample, also having a micron thickness, is an exception. In view of this, we assume that SE in the hybrid sample under the interband excitation used appears in individual vertically aligned [0001] microcrystals. Taking into account the characteristic hexagonal shape of these microcrystals, it can be assumed that the optical gain in them is provided by the whispering gallery modes (WGMs) mainly near the bottom of the visible parts of the crystals, close to the normal to the c axis. Similar spectral characteristics of the gain contour, particularly an intense redshift with increasing photoexcitation intensity in the spectral region of 390–395 nm (3.14–3.18 eV), are often demonstrated by ZnO structures with WGMs [2,3,19,40]. Frequently, an inversion in electron–hole plasma (EHP) is claimed to be responsible for the optical gain in the case of such a redshifting band [2,3,19].



As is known, depending on the density of electron–hole pairs np, which, in turn, is determined by the photoexcitation intensity, radiative interband recombination followed by NBE emission in ZnO microstructures at RT can occur either in the excitonic or EHP regimes, unless the structure is in the transition state between these regimes [1,2,3]. A common way to estimate np is using the expression    n p  =  ρ  e x c    τ p      ℏ  ω  e x c   l     − 1     (  ℏ  ω  e x c     is the excitation photon energy,    τ p    is an electron–hole pair lifetime, and l is the absorption depth or the diffusion length of electron–hole pairs) or similar [41]. Such an estimate does not depend on the features of a particular physical model and is often very useful; however, it is indicative only in extreme cases of low or high excitation intensity (low or high np values, respectively), when, with some degree of confidence, one can speak of underachieving or significantly exceeding the threshold Mott density nM, which is within the range of 5 × 1017–4 × 1019 cm−3 for ZnO, according to various published data [41,42,43]. At intermediate excitation intensities, it is often difficult to understand which of the regimes is realized in a particular case due to the individual characteristics of the material and the spread of the theoretical values of nM. In such cases, one can rely on the spectral features observed in the experiment and physical models, for example. In our case, when using τp~100 ps and the absorption depth of l~100 nm [42], the estimate gives np~1018 cm in the threshold region of appearance of the long-wavelength component in the NBE emission spectrum of the hybrid structure. This value is close to the lower boundary of the range for nM. Underestimation of the efficiency of creating an electron–hole pair upon absorption of an excitation photon and the diffusion length of electron–hole pairs in a crystal classifies this estimation in the upper range.



In [33], regarding a superlinear rise of the Iint(ρexc) dependence for the c-oriented ZnO film grown on A-plane sapphire, the blue shift and narrowing of its NBE emission band were observed at ρexc above ~0.65 MW/cm2. We ascribed these effects to the onset of the EHP inversion and the appearance of SE. At a lower ρexc value, one can likely expect the participation of excitonic processes in luminescence. One can more reliably exclude the possible assumption of the participation of an inverted EHP in the observed SE band of the hybrid structure, at least at relatively low excitation intensities, applying, for example, calculations using the methods of the many-body theory [43]. If we assume that the NBE emission band of the hybrid sample in the case of cw excitation is associated mainly with the recombination emission of free excitons, then its wavelength (~377 nm) corresponds to a band gap energy of ~3.35 eV (taking into account an exciton binding energy in ZnO of 60 meV), which is close to the case of bulk ZnO crystals (3.37 eV) [36]. Taking into account that a significant contribution to spontaneous NBE emission in ZnO is often made by phonon replica of free exciton emission, especially in microcrystalline structures [36,37], the estimated value of the band gap energy may be higher. In this case, given the results of [40], where the dynamic change in the band gap energy due to renormalization was estimated in the case of large ZnO microcrystals, the relationship of such a shifting SE band with recombination radiation in an inverted EHP is unlikely since such radiation should be observed in the region of more short waves. All of this allows us to assume that excitons do participate in the SE of the hybrid sample, at least near its threshold. In particular, under the excitation intensities lower and near the SE threshold, a single NBE emission band of the control film and the short-wavelength spontaneous emission band in the PL spectra of the hybrid structure can be associated with free exciton emission and its phonon replicas. At large ρexc, the transition to the EHP regime is likely.



Several excitonic mechanisms that can lead to an optical gain in ZnO under intermediate-density excitation at RT, particularly in the spectral region of the SE band observed in this work, are reported in the literature. Among such processes, the most likely ones are exciton–exciton (X-X) [11,16,18] and exciton–electron (X-el) scattering [13,40,44,45], which cause radiative recombination of a free exciton after inelastic scattering by another exciton and a free electron, respectively, and two-phonon-assisted exciton recombination (X-2LO) [14,46].



Usually, based on low-temperature measurements, it is assumed that the emission band associated with the X-X process (the so-called P band) does not experience a strong shift with increasing excitation intensity at RT [11,16,18]. However, a possible shift is sometimes ascribed to an increase in temperature as a result of heating [47]. At the same time, some doubts regarding the possibility of this process in ZnO at RT exist because of the significant damping of the exciton state [41]. However, to be the P band, the long-wavelength band in the PL spectra of the hybrid sample is spaced unreasonably far from the NBE emission band observed at cw excitation. This spacing is approximately 14 nm (~120 meV) at the appearance of the long-wavelength band, which is greater than the maximum possible distance (~100 meV) between free exciton emission and the P band. Thus, we exclude this process in our case. In the case of the X-2LO band at RT, no significant redshift with an increasing excitation intensity was found either [14,45]. Meanwhile, the X-e process often demonstrates a characteristic redshifting nature [13,40,47]. Moreover, in [40], we came to a conclusion regarding the main role of X-el scattering in the optical gain formed in ZnO isometric microcrystals that support WGM lasing. Taking into account the experimental observations and the estimates made above, we can assume the participation of similar mechanisms in the appearance of SE in the hybrid sample: Optical gain is provided by WGMs in individual hexagonal [0001] ZnO microcrystals as a result of X-el scattering. When the excitation intensity is much higher than the threshold value, a transition to the EHP state is likely, while the X-el process can change to the scattering of Coulomb-correlated electron–hole pairs from the EHP by free carriers [40,41].




5. Conclusions


The work is devoted to the study of optical, luminescent, and stimulated emission properties of the ZnO hybrid structure grown by the magnetron sputtering method on M(  10  1 ¯  0  )-plane sapphire substrates. The structure consists of vertically aligned microcrystals with a [0001] crystallographic orientation and a pronounced hexagonal shape, formed on a smooth continuous layer of micron thickness. These microcrystals are up to 10 µm high and up to 8 µm in diameter and form the main part of the structure’s thickness since the thickness of the continuous layer is approximately a micron.



Stimulated emission was shown to be excited in such a hybrid ZnO structure at thresholds of approximately 0.1–0.2 MW/cm2. By comparing the results obtained for the hybrid structure, for a morphologically homogeneous (  10  1 ¯  3  ) ZnO film also grown on the M-plane of sapphire, as well as for other ZnO films grown on different sapphire planes from [33], it was shown that the optical gain in the hybrid structure is formed in individual [0001] microcrystals. The hexagonal shape of the microcrystals and the behavior of the stimulated emission spectrum suggested that the main process leading to optical gain is inelastic exciton–electron scattering, at least at relatively low excitation intensities, while the necessary gain is achieved in the whispering gallery modes.



Thus, the work actually demonstrates that using the magnetron sputtering method, it is possible to form vertically aligned ZnO microcavities with whispering gallery modes, which have an optical quality sufficient for stimulated emission excitation. Further research in this direction can be aimed at modifying and optimizing the properties of such a hybrid structure. In particular, it will be useful to achieve control in the formation of laser microcrystals of the required size, shape, and arrangement density.
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Figure 1. SEM images of ZnO samples’ surface: (a) Hybrid sample; (b) control sample. 
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Figure 2. XRD patterns of ZnO structures grown on the M plane of sapphire: Hybrid sample (bottom), control sample (top). 
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Figure 3. Proposed growth scheme for hybrid ZnO structure. 
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Figure 4. Optical and emission properties of the samples: (a) Directional reflectance spectra for the hybrid (black) and control (red) samples; (b) PL spectra of the hybrid sample at cw low-intensity (top) and pulsed high-intensity (bottom) excitations; (c,d) NBE emission spectra of the hybrid (c) and control (d) samples at different excitation power densities ρexc. 
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Figure 5. Dependences of the integral intensity (a) and wavelength in maximum (b) of NBE emission for the hybrid (black) and control (red) samples on ρexc. Lines represent linear fitting; in the case of the hybrid sample, there are two linear parts—before (dashed line) and after (solid line) the SE threshold. The inset in (a) shows FWHM of the emission peaks of the samples vs. ρexc. 
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